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SUMMARY 
Several acoustic l iners  (Helmholtz type) were experimentally and theoretically evalu- 
ated to determine their  effectiveness to  suppress screech in a rocket motor. The l iners 
were experimentally rated in  a storable propellant (N2O4-5O percent hydrazine, 50 per-  
cent UDMH) rocket at a nominal chamber pressure of 100 psia (689 kN/m ) and 6700 
pounds of thrust (29.8 kN) . Liner design variables investigated included aperture size, 
liner percent open area, liner length, and aperture shape. Tests  were conducted in both 
a marginally stable and a spontaneously unstable combustor. Bomb pulses were used to 
rate stability in t e r m s  of the grains (grams) of explosive necessary to induce instability. 
when the liner resonant frequency was near the screech frequency. Calculated theoretical 
absorption coefficients assuming both flow and no flow past  the apertures agreed with the 
experimental results.  Full-length l iners were not required for  stabilization. Aperture 
size and shape had secondary effects. 
regeneratively cooled configurations, were found to be as effective as circular apertures 
in suppressing screech. 
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2 Bomb pulses as high as 170 psi (1172 kN/m ) peak-to-peak were damped by l iners  
Longitudinal slots, which would be adaptable to 
INTRODUCTION 
Historically, the use of perforated plate acoustic l iners in combustors as a 
means of suppressing high-frequency oscillatory combustion is not new. A s  early as 
1953, l iners were successfully used to suppress acoustic mode combustion instability in  
ramjets  and afterburning turbojets (refs. 1 to 3) and more recently in rockets (refs. 4 
and 5). However, the problem of adapting Helmholtz resonator theory to the conditions 
in rocket combustors still exists. Calculated theoretical absorption coefficients neces- 
s a r y  to  eliminate screech in  rockets cannot be predicted and must be determined through 
experimental tests. A s  indicated in reference 5, problems in l iner design a r i s e  in speci- 
fying the effective flow past the apertures  as well as the propert ies  of the gases behind 
the liner. This investigation was undertaken (1) to evaluate the effects of the liner design 
variables, (2) to determine the minimum absorption coefficient necessary to suppress 
screech, and (3) to experimentally verify the effects of flow past  the apertures  on absorp- 
tion characteristics of l iners in rockets using storable propellants, that is, nitrogen te- 
troxide and 50 percent hydrazine - 50 percent unsymmetrical dimethyl hydrazine (UDMH) . 
A similar study was reported in reference 5 using a hydrogen-oxygen propellant combi- 
nation. The liner design variables investigated included percent open a rea  (perforated 
area/total liner surface area) , aperture  diameter, l iner length, and aperture shape. 
tory using a 10.77-inch (27.36-cm) diameter thrust chamber at a nominal chamber pres- 
sure  of 100 psia (689 kN/m ) . The nominal thrust level of the combustor was 6700 pounds 
(29.8 kN) . Stability rating of the various l iner configurations was accomplished by sub- 
jecting the combustor to tangential p ressure  pulses generated by various size RDX explo- 
sive charges. In addition, the various liner configurations were tested in a spontaneously 
unstable combustor. 
The investigation reported herein was conducted at the Propulsion Systems Labora- 
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APPARATUS 
Facility 
The tests were conducted in  the Propulsion Systems Laboratory which is capable of 
simulating altitudes to 100 000 feet (30 480 m). The rocket combustors were fired hori- 
zontally as shown in figure 1. Although not a test  requirement, tes t  cell p ressure  was  
2 set  at 1 psia (6.9 kN/m ) because of the toxic propellants and minimization of base pres -  
su re  effects on thrust measurements required for performance calculations. The facility 
utilized a pressurized system to deliver propellants to the combustor from the two 
560-gallon (2.12-m ) run tanks. 
assembly, bomb ring, and convergent-divergent exhaust nozzle. The injector (fig. 2) used 
in this investigation was a flat-face, fuel-oxidant-fuel triplet with film-cooling fuel je ts  on 
the circumference, Two combustor configurations incorporating the injector (shown sche- 
matically in fig. 3) were used in the study. The 42-inch (106.7-cm) L* heat-sink com- 
bustor was 23.8 inches (60.4 cm) long from the injector to the throat. Increasing the L* 
of the combustor to 56 inches (142.2 cm) was accomplished by replacing the bomb ring 
with a 10-inch (25.4-cm) cylindrical section which made the total length 3 0 . 5  inches 
(77.47 cm). The combustor inside diameter was 10.77 inches (22.36 cm). The exhaust 
3 
Combustor. - A typical heat-sink combustor consisted of an  injector, acoustic liner 
2 
Figure 1. - Combustor assembly mounted horizontally in test stand. Nozzle is removed to expose 
1/8-inch (0.32 cm) diameter aperture, 10-percent open area liner. 
Figure 2. - Combustion chamber assembly with l iner  installed. View looking toward injector. 
Injector details: 487 elements, fuel - oxidant - fuel with 54 fuel jets for f i lm cooling. 
Oxidant ori f ice diameter, 0.035 inch  (0.089 cm); fuel orifice diameter, 0.018 inch  (0.046 cm); 
impingement angle, approximately 40". 
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(a)  42-Inch (106.7 cm) chamber combustor. 
Injector 
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CD-9396 
(b) 56-Inch (142.2-cm) chamber combustor. Detail same 
as 3(a) except for additional chamber section and no 
bomb ring. 
Figure 3. - Combustor configurations. 
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Figure 4. - Bombing and explosive bomb used for pulse rating lines. 
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TABLE I .  - LINER CHARACTERISTICS 
1/4 
1/8 
(a) Circular aper tures  
0.64 5 8 20.3 
10 8 20.3 
20 8 20.3 
0.32 10 2 5.1 
4 10 .1  
Aperture  
geometry 
Longitudinal 
slots 
Zross 
l l ternating 
slits 
I 1/4 I 0.64 10 4 10.1 
(b) Noncircular apertures 
Aperture  dimensions 
Length 
in. 
1 
72 
cm 
19.05 
Width 
in. 
1/16 
1/8 
3/16 
cm 
0.16 
0. 32 
0.48 
1/32 in.  ++I 3/16 in. 
(0.09 cm) f (0.48 cm) 
13/32 in. (1.03 cm) 
-1 1/16 in.  
f (0.16 cm) 
Aperture  
pattern 
34 slots; 1-in. 
(2.54-cm) 
spacing 
34 slots; 1-in. 
(2.54-cm) 
spacing 
34 slots; 1-in. 
(2.54-cm) 
spacing 
+ + +  + +  + + +  + +  
+ + +  + +  + + +  + +  
- 
- 1 - 1  
I - I -  
Open 
a r e a ,  
percent 
5 
11 
16.5  
10 
10 
10 
Liner lengt 
in. 
8 
8 
- 
8 
8 
- 
8 
- 
8 
cm 
20.3 
20.3 
20.3 
20.3 
- 
20.3 
- 
213.3 
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1 ._ .. . . . . . 
nozzle had a contraction ratio of 1.89 and an expansion ratio of 1 . 3 .  This nozzle was 
chosen because the losses were more accurately predictable for  performance calculations 
than would be the case for  a large expansion ratio nozzle (ref. 6). The heat-sink bomb 
r ing had four tangentially directed por t s  (fig. 4). Hot-gas surfaces  of the heat-sink com- 
bustors were flame sprayed with 0.012 inch (0.030 cm) of Nichrome and 0.018 inch 
(0.046 cm) of zirconium oxide to reduce heat transfer to the mild steel. The coating nor- 
mally allowed a 3-second run duration without damaging the combustor. 
Liner assembly. - The liner assembly, shown as part of the combustor in figure 3, 
consisted of a heat-sink pressure  jacket and a removable mild steel  acoustic liner. The 
backing-cavity depth and the liner thickness were held constant at 1 and 3/16 inch (2.54 
and 0.48 cm), respectively. Liner percent open area, l iner length, and aperture  size and 
shape were varied as indicated in table I.  Circumferential partitions in the liner backing 
cavity were used to minimize recirculation gas flow behind the liner which in turn reduced 
the flow through the apertures .  Initially, the l iners were fabricated with only one parti-  
tion; however, during la ter  testing three partitions were used to improve structural sup- 
por t  and prevent excessive liner warpage. Presented in  figure 5 is a photograph of a typ- 
ical  perforated liner with three partitions. Figures 5(b) and (c) a r e  photographs of l iners 
using axial slot and cross  shaped apertures. 
Instrumentation 
Combustor operating parameters  were recorded on an automatic digital data system 
and on a direct writing oscillograph. Strain gage t ransducers  were used to measure 
steady -state pressures ,  and turbine flowmeters for propellant flow rates.  The t rans-  
ducers were calibrated electrically pr ior  to engine firing. 
ture was measured using open ball, tungsten - tungsten-26-percent-rhenium thermo- 
couples. 
Water-cooled, piezoelectric high-frequency response pressure  transducers were 
flush mounted at three positions in the combustor (fig. 3) to determine the frequencies 
and amplitudes of the instabilities. The response of the t ransducers  (as installed) was 
flat to 6000 hertz and had a resonant frequency of 20 000 hertz. Signals f rom the high- 
frequency transducers were recorded in analog form on magnetic tape, then replayed at 
reduced tape speed on an oscillograph for initial analysis. 
The frequency analyzer used to obtain the amplitude spectral  density graphs presented 
in this report was  a heterodyne frequency analyzer. Since the amplitude spectral density 
graphs shown in the RESULTS AND DISCUSSION section are Fourier analyses of the data, 
spectral  lines of lower amplitudes may occur at exact multiples of the predominant f r e -  
quency in  the figures. This  characteristic will be discussed further as par t  of the data 
analysis. 
Backing-cavity-gas tempera- 
C-66-2630 
(a) Circular apertures: 118-inch (0.32-cm) diameter; ?percent open-area l iner. 
(b) 1116-inch (0.16-cm) wide longitudinal (c) Cross-shaped aperture l iner. 
slot l iner. 
Figure 5. - Examples of l iners tested i n  th is investigation. 
PROCEDURE 
2 Al l  liner configurations were tested with the same injector at 100-psia (689-kN/m ) 
chamber pressure and oxidant-fuel mixture ratios (O/F) of 1 .6  and 2.0. Shown in fig- 
ure 6 is a typical t race  of propellant flows and chamber pressure  during a typical firing. 
About 2 seconds were needed for the combustor to achieve steady-state conditions. Total 
run duration of each test was about 3 seconds which prevented the heat-sink hardware 
from being damaged, therefore, severa l  tests could be made with the same hardware. 
Each liner was stability rated in combustors with characteristic lengths L* of 42 and 
56 inches (106.7 and 142.2 cm). 
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Figure 6. - Oscillograph trace of typical combustor test. 
I 
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An electronic controller regulated propellant flow rates (maintaining constant cham - 
ber  pressure  and mixture ratio throughout the firing), and program t imers  sequenced 
propellant valves and the firing of RDX bombs. 
42-1 n c h  (106.7-C m) Character istic-Lengt h Combustor Ratings 
Rating l iners in the marginally stable combustor (L* = 42 in. (106.7 cm)) was  ac-  
complished by detonating RDX bombs in the bomb ring, shown in figure 4, (further de- 
scription of bombs can be found in ref. 7). The bomb r ing was located immediately down- 
s t ream of the liner (about 10 in. (25.4 cm) from the injector). The four charges were 
usually successively larger  and were fired during combustor steady-state operation. A11 
charges were fired sequentially at approximately 100 millisecond intervals even though 
screech may have been initiated. The 100-millisecond interval allowed ample t ime for 
each pulse to damp before the following charge was exploded. Determination of the bombs 
that were damped o r  the one that initiated screech was accomplished by analyzing the os- 
cillograph t races  of the output of the flush mounted high-frequency transducers. 
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56-Inch (142.2-Cm) Characteristic-Length L" Combustor Rat ing 
A s  will be discussed later,  the 56-inch (142.2-cm) L* combustor configuration was 
spontaneously unstable without a liner, so  the l iners were rated by determining the reduc- 
tion of screech amplitude. This was accomplished using spectral density graphs made of 
the high-frequency p res su re  transducer output. 
RESULTS AND DlSCU SSlON 
The experimental and analytical evaluation of several a r r ay  Helmholtz resonator 
acoustic l iners are presented in  this report. Experimentally, the effect of liner variables 
(i. e. , percent open area, aperture diameter and shape, and liner length) were evaluated in  
te rms  of grains (grams) of RDX explosive that would damp in a marginally stable engine as 
well as in t e rms  of the reduction in screech amplitude in a spontaneously unstable engine. 
Maximum 
peak-to-peak 
0 Liner tests 
A Ref. 7 
m a,
E 40 
OL 0 
I- 
Typical pressure pulse 
I I 
10 20 30 40 50 
RDX bomb size, grains 
I I I I I I  
0 . 4  .8 1.2 1.6 2.0 2.4 2.8 
RDX bomb size, grams 
Figure 7. - Pressure spike produced by detonating various 
sized RDX bombs. 
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Analytically, the variables were evaluated using Helmholtz resonator theory such as in 
reference 8. The theoretical effectiveness of each liner is expressed in t e r m s  of liner 
resonant frequency and absorption coefficient (percent of the energy absorbed from the in- 
cident pressure wave). The acoustic theory is presented in the Theoretical Analysis sec-  
tion. 
was selected as a rating device because of extreme data scatter in the amplitude data 
(fig. 7). Variations in the amplitudes of the pressure pulses are quite common (refs. 7, 
9, and 10) and may be due to changes in chemical augmentation, nonshock mounting of 
instrumentation, o r  instrumentation location. 
Grains (grams) of explosive rather than the bomb pressure time history amplitude 
Stability Characteristics of 42-Inch (lC6.7-C m) C ha racteristic-Length 
Combustor Without Liner 
The stability characterist ics of the 42-inch (106.7-cm) L* combustor without an 
acoustic liner a r e  shown in figure 8. 
of explosive) required to induce instability as a function of mixture ratio. 
with increasing charge s izes  until a sustained instability resulted. A s  seen in figure 8(a), 
Presented is the minimum charge size (grains (kg) 
Each data point represents a separate test during which the combustor was bombed 
0 Stable 
0 Unstable 
(a) Stability characteristics. 
e Y 100 r 
I -  
90 t 
80 1 
1.4 1.6 1. 8 2.0 2. 2 
Mixture ratio, OIF 
(b) Performance. 
Figure 8. - Unlined combustor characteristics, 
Chamber characteristic length, 42 inches 
(106.7 cm). 
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10?103 
I 
a I I I 1 I I I I 6 4 2 
Mixture ratio, 2.01; RDX bomb size, 14.7 grains (0.95 grams). 
.- 
.- i 
I Typical waveform A 
1 
I !I 
8 10~103 
I I I I I I I I 
6 4 2 0 
Frequency, Hz 
Mixture ratio, 1.61; RDX bomb size 10.3 grains (0.68 grams). 
(c )  Typical spectral density of unlined combustor bombed unstable. 
Figure 8. - Concluded. 
at mixture ratios of 1.6 and 2.0, an average bomb size of 6 and 8 grains (0.39 and 0.52 g), 
respectively, were required to drive the combustor unstable. The C* efficiency of the 
unlined combustor during stable operation was about 96 percent fo r  both mixture ratios 
(fig. 8(b)). Spectral density graphs (fig. 8(c)) of the unstable combustion indicated that the 
predominant mode was first radial (5000 Hz) at a mixture ratio of 2 .0  and changed to 
higher order modes at a mixture ratio of 1.6.  Exact identification of the higher order  
modes was not possible with available instrumentation. The oscillation at 7000 hertz 
closely matches those calculated for either a fourth-tangential mode o r  a combined first- 
tangential and first-radial mode. The oscillation at a frequency of 9000 hertz corresponds 
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approximately to the second-radial mode, o r  it also could be a combined mode such as 
second tangential - first radial. In an attempt to further identify the modal oscillation 
characteristics, an examination of phase relations was not successful. 
Effect of Aper ture Diameter and L ine r  Percent Open Area in 42-Inch 
( 106.7-C m) C ha racterist ic-Lengt h Combustor 
A se r i e s  of aper ture  diameters and percent open areas were chosen after a prelimi- 
nary analytical study. 
a backing-cavity-gas temperatures ranging from 1000° to 3000' R (556' to 1667' K) were 
assumed. The study resulted in the selection of 1/8- and 1/4-inch (0.32 and 0.64 cm) 
diameter aper tures  and a range of 5 to 20 percent open a reas .  The analysis showed that 
the l iners would be tuned in a frequency range between 2500 to 5000 hertz. (See Theo- 
retical Analysis of Circular Aperture Liners section for tuning calculations.) A liner 
with 1/8-inch (0.32-cm) apertures  and 2.5-percent open-area ratio was added later in the 
program. 
Using experience gained in a hydrogen-oxygen program (ref. 5), 
Mixture ratio, 
OIF 
0 2.0 
0 1.6 
stability 
instability 
Open symbols denote 
Solid symbols denote I / O  0 50 2-8r 40 
2 4c 
VI .- 
m 
L m 
2 1.8 .- 
VI 
n 
E 
0 
n 
n 
x 
.6  
Unstable 
20 
Stable 
;-Unlined combustor 
(fig. 8) 
0 
0 
I I I I I 
10 8 
I 
6 0 2 4 
Open area, o, percent 
(a) Bomb rating. 
Figure 9. -Effects of experimental percent open area on 
combustor stability. Aperture diameter, 118 inch  
IO. 32 cm); full length liner, 8 inches 120.3 cm); cham- 
ber characteristic length, 42 inches (106.7 cm). 
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Figure 9. - Concluded. 
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The results of the 1/8-inch (0.32-cm) diameter aperture, full-length (8 in. (20.3 cm)) 
liner tests, which included configurations with 2.5-, 5-, and 10-percent open areas, as 
shown in figure 9. The 2.5 percent open-area liner improved the stability of the combus- 
to r  from about 8 grains (0.52 g) of RDX (unlined combustor) to 28 grains (1.81 g) at a 
mixture ratio of 2.0. The stability was about the same at a mixture ratio of 1.6; a bomb 
size of 32 grains (2.08 g) was required to initiate instability as compared with 6 grains 
(0.39 g) for the bare  combustor. The 5-  and 10-percent open-area l iners could not be 
pulsed unstable by bombing. Those l iners successfully damped pressure  disturbances as 
2 high as 170 psi  (1172 kN/m ) peak to peak (fig. 7) which corresponds to the maximum 
bomb size of 4 1  grains (2.66 g). Since the explosive used was in tablet form (fig. 6), the 
length of the bomb-port limited the bomb size to a maximum of ten tablets o r  41 grains 
(2.66 g). 
Spectral analysis of the instability induced using the 2.5-percent open-area liner 
(fig. 9(b)) shows that the predominant mode is first tangential at both mixture ratios. 
The oscillograph records show that the predominant mode was first radial (5000 Hz) 
immediately after bomb initiation, but it shifted to the first-tangential mode (2400 Hz), 
which had not been noted previously. A possible explanation for the shifting may be that 
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Figure 10. -Effects of experimental percent open area on 
combustor stability. Aperature diameter, 114 inch  
(0.64 cm); full- length l iner, 8 inches (20.3 cm); 
chamber characteristic length, 42 inches (1%. 7 cm). 
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the high-amplitude wave and increased backing-cavity -gas temperature associated with 
screech upset the liner damping such that it was ineffective in suppressing the first- 
tangential mode. Additional discussion is presented in  the Theoretical Analysis section. 
quency peaks may be present  at multiples of the predominant modes. The phenomena was 
caused by the spectral  analyzer because it produces a Fourier  analysis of the data. 
Analysis of the data in this study was further complicated because liners tend to shift the 
screech frequency away from the resonant frequency of the liner (ref. 11). 
The 1/4-inch (0.64-cm) diameter aperture l iners tested were configurations with 
percent open a reas  of 5, 10, and 20 percent. A s  shown in figure lO(a), all 1/4-inch 
It must be pointed out that in  figure 9(b) and other spectral graphs that follow fre- 
15 
(0.64-cm) aperture l iners,  with one exception, successfully damped 41-grain (2.66-g) 
bombs at either mixture ratio. Instability was initiated with a 41-grain (2.66-g) bomb 
during one test  of the 5-percent open-area liner at an oxidant-fuel ratio of 1.6; however, 
it was not sustained and damped out within 120 milliseconds. Examination of figure 1O(b) 
shows that the predominant mode was the first-tangential mode (2550 Hz) with apparent 
Fourier harmonics at 5100 and 7700 hertz. Again, the first-radial mode was predomi- 
nant immediately after the bomb initiation and modal shifting occurred as previously de- 
scribed. 
This se r i e s  of tests w a s  not conclusive in determining an aperture diameter effect on 
dampling. In the following section significant aper ture  diameter effects will be noted. It 
can be concluded, however, that the higher percent open-area l iners were very effective 
2 suppression devices in that they damp disturbances as high as 170 psi  (1172 kN/m ) 
peak to peak. 
50 
3 . 0 r  
Mixture ratio, 
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0 2.0 
- 0 1.6 
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Figure 11. -Effect of experimental l iner  length 
on combustor stability. Aperture diameter, 
118 inch (0.32 cml; open area l iner,  10 per- 
cent; chamber characteristic length, 
42 inches (106.7 cm). 
16 
Liner  Length Effect in 42-Inch (106.7-Cm) Characterist ic-Length Combustor 
A t  present, analytical design equations have no provision to determine the number or 
location of the resonators required for stabilization. Experiments of reference 5 have 
determined that full-length combustor l iners were not required for complete stabilization 
using hydrogen-oxygen propellants. Therefore, a series of l iners was experimentally 
evaluated with storable propellants varying the length while other parameters  were held 
constant. The effect of length was evaluated with 10-percent open-area l iners and posi- 
tioned adjacent to the injector. Two aperture diameters of 1/8 and 1/4 inch (0.32 and 
0.64 cm) and lengths of 2 and 4 inches (5.1 and 10.2 cm) were tested. 
The results of the 1/8-inch (0.32-cm) diameter aperture (10-percent open-area) 
partial  length liner tests are shown in figure 11. Similar to the full-length configuration, 
these partial length l iners successfully damped a bomb size of 41 grains (2.66 g) of RDX 
at either mixture ratio. The 41-grain (2.66-g) charges produced pulses of from 90 to 
170 ps i  (620 to 1172 kN/m ) peak to peak in these configurations. 2 
3 . 0 ~  
Mixture ratio, 
OIF 
0 20 
0 1.6 
Open symbols denote stability 
Solid symbols denote instabil ity 
- 
0 
Full-length 
l iner (fig. 10) 
n 
I 
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I 
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Figure 12. -Concluded. 
The results of the 1/4-inch (0.64-cm) diameter aperture (10-percent open-area) 
tests can be seen in figure 12(a). The half-length (4 in. o r  10.2 cm) liner was driven 
into the first-tangential mode (fig. 12(b)) with 32 and 41 grains (2.08 and 2.66 g) of RDX 
at mixture ratios of 1 .6  and 2.0, respectively, as compared with the full-length 1/4-inch 
(0.64-cm) diameter aperture liner, which was stable up to 41 grains (2.66 g). Although 
the combustor was pulsed unstable, the liner improved the stability considerably; that is, 
a larger bomb was required to induce instability with a lined chamber than with an un- 
lined chamber. 
It can be concluded that, with storable propellants as well as hydrogen-oxygen 
(ref. 5), full-length l iners were not required for screech suppression in the combustors 
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used in  these studies. It is also apparent from these tests that the 1/4-inch (0.64-cm) 
diameter aperture liner is less stable to bomb pulses than the 1/8-inch (0.32-cm) di- 
ameter  aperture liner. Therefore, the length of the liner required was dependent on the 
absorbing qualities of the liner. 
Effect of Percent Open Area and Aper ture Diameter o n  
L ine  r Backi ng -Cavit y-Gas Tempe rat  u re  
An important design condition for acoustic liner peak performance is tuning the reso- 
nator cavity to the screech frequency. 
transition oscillations with hydrogen-oxygen propellants. ) Tuning is directly affected by 
sonic velocity of the gas in the backing cavity (see eq. (1)). Therefore, careful consider- 
ation must be given to the properties of the liner backing-cavity gas. The composition 
of this gas, i n  general, was assumed to be combustion products (no gas samples were 
taken). However, predicting the temperature of the gas is difficult. Variations in liner 
percent open area and recirculation patterns caused by changes in injector thrust pe r  ele- 
ment, element radial location, and propellant combination would be expected to affect the 
gas temperature. To gain information relating these temperatures with engine variables 
and to allow analysis of results obtained, thermocouples were installed to measure the gas 
temperature during these tests. When data taken during stable, steady-state combustion 
(L* = 42 in. (106.7 cm))were used , backing-cavity-gas properties were determined and 
used for theoretical analysis. 
the backing cavity during steady-state operation. The data points are averages of the 
temperatures measured fo r  each percent open area at the end of the run. The gas tem- 
peratures increase rapidly with percent open a rea  up to 20 percent where they seem to 
level off. The temperature increase from 2.5 to 10 percent is nearly linear, 1750' to 
about 2450' R (972' to 1362' K), but the average temperature at 20-percent open area is 
2740' R (1522' K) which corresponds to an increase of 290' R (161' K) compared with 
700° R (389' K) for the initial 7.5-percent increment. The 20-percent open-area 
backing-cavity-gas temperature compares well with unpublished boundary-layer - 
temperature data (2800' to 3000' R) (1556' to 1667' K)) taken with a similar injector and 
combustion chamber without a liner (theoretical bulk combustion gas temperature was 
about 5300' R (2945' K). A s  open area increases,  apparently more and more of the com- 
bustor boundary-layer gas enters  the resonator, thereby raising the backing-cavity-gas 
temperature. It may be hypothesized that a high percent open-area liner (20 percent o r  
more) for storable-propellant rockets can possibly be designed fairly accurately with re- 
gard to backing-cavity-gas temperature, i f  the combustor boundary-layer temperature is 
(Ref. 11 shows the importance of tuning to pre- 
Figure 13 shows the temperature extremes (shown by the bars) measured in 
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ation. Chamber characteristic length, 42 inches 
(106.7 cm); nominal mixture ratio, 2.0. Average tem- 
peratures, denoted by symbols, were used for theoretical 
calculations. 
known. The boundary-layer gas temperature could be determined with a simple injector- 
combustor test  by installing thermocouples or  calor imeters  in the combustion-chamber 
wall for the measurement. This would eliminate the initial tests now required with liner 
installation for determining the backing-cavity-gas temperatures. 
figure 13. The hydrogen-oxygen backing-cavity-temperature data from reference 5 are 
plotted with the storable propellant data. It can be seen that the storable-propellant 
backing-cavity-gas temperatures a r e  about 1400' R (778' K) higher than the hydrogen- 
oxygen data. This was probably because of the hydrogen-oxygen injector design which 
used concentric tube elements. In such a design, oxygen is injected f rom the inner tube 
and the colder hydrogen from the outer tube. Obviously, backing-cavity-gas temperature 
assumptions used to design a liner for one propellant combination cannot be used indis- 
c r  iminately . 
The effect of propellant combination on backing-cavity temperature can be seen in 
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During tests, when the combustor reached stable, steady-state operation and was then 
bombed unstable, increases in backing-cavity-gas temperature were on the order  of 500' 
to 800' R (278' to 444' K). These temperature increases were somewhat lower than the 
hydrogen-oxygen data (fig. 14) which had an increase of about 1000° R (556' K). The 
temperature usually continued to increase at shutdown with the storables. This may have 
been a result  of the mixture ratio variations during shutdown. These temperature in- 
creases only illustrate the detuning effect on the cavity properties during instability; the 
prescreech backing-cavity -gas properties are used for liner design. 
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Stability Characteristics of %-Inch (142.2-Cm) Characteristic- 
Length Combustor Without Liner 
For a severe test, each configuration rated by bombing was also tested in a combus- 
tor which was spontaneously unstable without a l iner.  Spontaneously unstable combustion 
was created by removing the bomb ring and replacing it with a 10-inch (25.4-cm) cylin- 
drical  section with the same injector . Apparently, the additional length caused an initial 
disturbance which, in  turn, immediately initiated the predominant mode. The spectral 
density analysis (fig. 15(a)) shows that the predominant mode was also first radial 
(5000 Hz), as in the case of the L* = 42-inch(106.7-cm) combustor without a liner, at a 
mixture ratio of 2.0. The modes in the vicinity of 7000 hertz (fig. 15(b)) a r e  not as' well 
defined as they were in the case of the L* = 42-inch(106.7-cm) combustor and could be 
fourth tangential, first tangential and first radial combined, or some other complex mode. 
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Aperture Diameter and Liner Percent Open Area Effect in 56-Inch 
( 142.2-C m) C ha ract e r ist ic -Length Com bu st o r 
The ser ies  of apertures and percent open a reas  (full-length liners) that was tested in 
the spontaneously unstable combustor was the same as the se r i e s  that was bomb rated in 
the shorter (L* = 42-in. or 106.7-cm) chamber. The results of these tests are summa- 
rized in table II. As shown in figure 16(a), the amplitude of first-radial mode (from 
fig. 15(a)) was depressed by the 1/8-inch (0.32-cm), 5-percent open-area liner, but 
other modes in addition to the first and second longitudinal appeared at 2900, 8050, and 
8850 hertz. The first-longitudinal modes present during these test cannot be expected to 
be damped because the liners were designed to be tuned for higher frequency (2500 to 
5000 Hz) modes. Also, the length (30.5 in. or 77.5 cm) makes the combustor very sus- 
TABLE II. - APERTURE DIAMETER AND OPEN AREA RATIO 
EFFECTS IN 56-INCH CHARACTERISTIC CHAMBER 
LENGTH COMBUSTOR 
[Liner thickness, 3/16 in.  (0.48 cm); l iner backing-cavity 
height, 1 in. (2.54 cm); oxidant-fuel ratio,  2.0.1 
Aperture 
diameter 
- 
c m  
0.32 
0.64 
Open 
a r e a ,  
)ercent 
5 
10 
5 
10 
20 
Stability characterist ics 
Predominanl mode 
Second longitudinal 
F i r s t  longitudinal 
F i r s t  t ransverse  
F i r s t  longitudinal 
F i r s t  longitudinal 
~ 
Secondary mode 
Higher modes a l so  
present a t  lower 
amplitudes 
Multiples of f i r s t -  
longitudinal mode 
presenta 
Multiples of first- 
longitudinal mode 
presenta 
Second longitudinal 
present a t  lower 
amplitudes 
?igure 
aFirst-longitudinal mode multiples may be produced by spectral  
analyzer. 
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Figure 16. - Typical spectral density graphs of instability encountered during tests of 1/8 inch (0.32 cm) diameter aperture, 
fu l l  length l iners, Chamber characteristic!ength, 56 inches 1142. 2 cm). 
ceptible to longitudinal modes. 
ence 12 that the energy in the combustor will distribute itself into modes with least 
damping, explain the presence of the undamped longitudinal mode. The 1/8-inch 
(0.32-cm) , 10-percent open-area liner damped the transverse modes completely, but the 
first-longitudinal mode was not damped, figure 16(b). 
1/4-inch (0.54-cm) diameter aperture l iners are shown in figure 17. The 5-percent open- 
area liner depressed the amplitude of the first-radial mode, but the first-tangential mode 
became predominant (fig. 17(a)). It should be noted that the peak corresponding to the 
first-radial mode (5000 Hz) may be a Fourier harmonic produced by the analyzer since 
the peaks occur at multiples of the first-tangential mode. The same may be true for the 
analysis of the 10-percent open-area liner (fig. 17(b)). The predominant mode is the 
These reasons, along with the conclusion from refer- 
Typical spectral  analyses of the combustion oscillations in the presence of the 
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f i r s t  longitudinal but several  other peaks can be noted at even intervals. It appears that 
the 20-percent open-area liner damped the transverse modes (fig. 17(c)), but again the 
first-longitudinal mode remained. It was also noted that no Fourier harmonics are pres-  
ent in figure 17(c), so  some of the peaks in figure 17(b) may have actually been screech 
modes. 
In summary, it was noted that damping increased as percent open area increased. 
Also, the l iners would not damp the first-longitudinal mode (700 Hz) because the frequency 
was below the intended range. In both the 1/8- and 1/4-inch (0.32- and 0.64-cm) aper- 
tures,  5-percent open-area tests, the l iners did not completely damp the transverse 
modes as seen in figures 16(a) and 17(a), whereas, the 10- and 20-percent, open-area 
l iners generally did suppress the transverse modes. I t  should also be pointed out in com- 
paring these figures that the 1/8-inch (0.32-cm) aperture liner (fig. 16(a)) displayed 
somewhat better absorption than did the 1/4-inch (0.64-cm) aperture liner (fig. 17(a)). 
The predominant modes were the first tangential with the 1/4-inch (0.64-cm) aperture 
liner and the second longitudinal with the 1/8-inch (0. 32-ciri) aperture liner. 
agree with the L* = 42 inch (106.7-cm) liner length effect data in that the 1/8-inch 
(0.32-cm) apertures were an improvement over the 1/4-inch (0.64-cm) aperture liners. 
The conclusion remains, however, that l iners that were completely effective in the 
shorter (42-in. (106.7-cm) L*) chamber allowed screech modes at frequencies remote 
from the design frequency to persist  in the longer (56-in. (142. 2-cm) L*) thrust chamber. 
would partially stabilize the combustion process. The increased heat transfer created by 
the longitudinal instability destroyed the bombs before they could be detonated. 
These data 
The L* = 56-inch (142.2-cm) combustors were not bombed even though a liner 
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I 
Liner  Effect o n  Characterist ic Exhaust Velocity Efficiency 
Liners had no significant effect on C* efficiency, as shown in figure 18. Efficiencies 
presented are only for the 42-inch (106.7-cm) L* stably operating combustor. Data for 
the 56-inch (142.2-cm) L* testing was not plotted because of the presence of the first- 
longitudinal mode during all tests.  
Theoretical Analysis of C i rcu la r  Aperture L i n e r  Data 
The previous sections were primarily concerned with the experimental results of the 
various liner configurations tested. The following discussion will  be concerned with 
applying Helmholtz resonator theory to the results. A series of calculations using this 
theory was performed to obtain values of the liner resonant frequency and the absorption 
coefficient for comparison with experimental results. The first consideration for an ef- 
fective liner desing is to match the liner resonant frequency to the screech frequency (or 
the pretransition oscillation frequency of ref. ll), that is, to tune the liner. However, 
the problems encountered using acoustic theory for liner analysis a r e  knowledge of 
(1) backing-cavity-gas composition, (2) amplitude of the pressure oscillations, and (3) the 
flow past o r  through the apertures. The backing-cavity-gas composition and temperature 
must be known to compute the resonant frequency of the liner. The amplitude of the os- 
cillations affect nonlinear factors, and flow past o r  through the apertures results in a 
shift in the resonant frequency of the liner. 
Gas temperatures measured in the cavity and composition of the combustion products 
(based on theoretical thermodynamic calculations similar to those in ref. 13 because gas 
samples were not taken) were used in the analysis. An arbitrary value of 26 psi 
(179 kN/m ) peak-to-peak (190 dB) was assumed as the amplitude of the triggering dis- 
turbance (combustion noise) for the spontaneously unstable combustors. A value of 
100 psi (0.639 kN/m ) peak-to-peak (199 dB) was assumed for  the bomb pulsed combus- 
to rs .  The predominant frequency of the combustion noise was assumed to be the same as 
the induced instability which was 5000 hertz at a mixture ratio of 2.0. The prescreech 
oscillation o r  combustion noise distributes itself into the normal chamber modes, and the 
highest amplitude occurs at the mode where the least chamber damping exists (ref. 12). 
The l iners were designed, therefore, to damp the oscillation which can grow into screech. 
Before the absorption coefficients of a liner can be calculated, it is necessary to de- 
termine its resonant frequency. If the composition and the temperature of the backing- 
cavity-gas are known, the resonant frequency can be readily determined using equation (1) 
for the case of no flow past  o r  through the apertures. 
2 
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where 
‘eff = t -+ 0.85 d(l - 0 . 7 6 )  
(Symbols a r e  defined in the appendix.) The problem, however, is to account for the effect 
of flow past o r  through the apertures  on resonant frequency. Investigations reported in  
references 15 and 16 have developed an empirical relation for the shift in  resonant fre- 
quency Afo/fo as a function of flow past the apertures (using air). Using this relation, 
the resonant frequency is modified as follows: 
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To extrapolate these results to media other than air, it appears from the results of 
reference 5 that the shift in frequency is related to the free-stream Mach number. Hence, 
a flow past the aperture of Mach 0.24 was chosen in line with the findings in reference 5. 
This flow corresponded to a frequency shift Afo/fo of 0.50 (ref. 15). 
l iner resonant frequency is equal to  the screech frequency (the assumed predominant 
chamber mode), that is, tuned. Figure 19, the cold-flow test results from reference 12, 
shows that the highest drop in sound-pressure level of screech occurs about when the liner 
resonant frequency matches the input-wave frequency (resonant frequency was varied by 
changing the backing-cavity volume). Tuning can be used then to characterize the damping 
of a liner. The calculated resonant frequencies of the various l iners  tested are compared 
with the screech frequency in figure 20(a) (without flow), and in figure 20@) (with flow). 
It can be seen from the figures that the l iners whose resonant frequencies were nearest 
the screech frequency (5000 Hz) absorbed best and that l iners with resonant frequencies 
below 2500 hertz (flow shifted) were not completely successful. The 1/8-inch (0.32-cm) 
diameter aperture l iners all had higher resonant frequencies than 1/4-inch (0.64-cm) di- 
ameter aperture l iners because (1) the effective length Zeff was lower and (2) the sonic 
velocity was higher since the average backing-cavity-gas temperature was  slightly higher. 
Since both analyses (i. e . ,  with o r  without flow past) compare favorably with trends ex- 
hibited by the experimental data, it is impossible to check the validity of the flow past 
model. 
According to references 8, 12, and 14, the liner absorption is at a maximum when the 
Even though tuning is necessary for  high damping, a liner with a resonant frequency 
near the screech frequency does not necessarily mean that it will damp that frequency 
once the combustor is unstable. For example, the 1/8-inch (0.32-cm), 2.5-percent open- 
area and the 1/4-inch (0.64-cm), 5-percent open-area l iners allowed screech in the first- 
tangential mode (figs. 9@) and l O ( b ) ) .  A s  seen in figure 20, the resonant frequencies are 
near 2400 hertz which corresponds to the first-tangential mode. It was noted, from the 
high-frequency transducer oscillograph records,  that the frequency immediately after the 
inception of screech was about 5000 hertz (first-radial mode), but it then shifted to 2400 
hertz (first-tangential mode). As stated in the experimental results discussion, appar- 
ently the liner damping was adversely affected by the high-amplitude screech waves and 
the increased backing-cavity-gas temperature associated with screech. Reference 12  
states that the energy in a combustor will distribute itself into modes with the least damp- 
ing. Therefore, it seems that the l iners were affected by the screech in such a way that 
damping w a s  lowest for the first-tangential mode after the inception of screech. 
The next step in the theoretical analysis was to calculate absorption coefficients for 
the liners. Absorption coefficient, a, is defined as the percent of total incident energy 
damped by the liner and is shown in the following equation: 
30 
40 a =  
(0 + 1)2 + 2 
(3) 
where 
and 
The effect of tuning can also be seen in equation (3).  As  acoustic reactance X approaches 
zero, tuning absorption CY increases. The calculated absorption coefficients are some- 
what questionable, however, because of discrepancies among investigations in the em - 
pirical relations used in the calculation. The values for An2/d (used in  eq. (4)) were 
obtained from reference 14, and used directly in the calculation of absorption coefficient. 
It must be noted, however, that direct application of the data of reference 14  without 
accounting for  change in viscosity and frequency (according to ref. 17) may be in e r ro r .  
Figure 21(a) is presented as a summary plot of liner performance. The plot shows 
the relation between absorption coefficient and the minimum bomb size required to induce 
instability (assuming no flow past the apertures). The 56-inch (142.2-cm) L* combus- 
tor data are presented as zero grains (or grams) of explosive. The calculated absorption 
coefficients agree well with the data presented earlier where it was found that stability 
increased as percent open a rea  was increased. Also, the 1/4-inch (0.64-cm) aperture 
calculated absorption coefficients a r e  lower than the calculated absorptions of the 1/8-inch 
(0.32-cm) aperture l iners with the same percent open areas, which agrees  with the ex- 
perimental data. 
It can be seen that a minimum of about 10-percent absorption was required fo r  sta- 
bilization using this analysis, which is the same for both combustor lengths. 
Presented in figure 21(b) a r e  the calculated absorption coefficients assuming a flow 
past the apertures  of Mach 0.24. This assumed flow raised the calculated absorption 
coefficients, but the percent open area and aperture diameter correlations were the same 
as the zero flow case with the exception of the 1/4-inch (0.64-cm) diameter, 10- and 
20-percent open-area l iners used in the 56-inch (142.2-cm) L* combustor. The 42-inch 
(106.7-cm) L* combustor required a minimum absorption coefficient of about 45 per-  
cent, whereas the 56-inch (142.2-cm) L* combustor required about 65 percent with this 
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0 1/4 (0.64) 
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0 Unlined combustor 
Open symbols denote stability 
Solid symbols denote instabil ity 
Plain symbols denote chamber character- 
istic length of 42 in. (106.7 cm) 
Tailed symbols denote chamber character- 
istic length of % in. (142.2 cm); f i rst 
longitudinal mode present 
Liner open area, 
percent 
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Figure 21. - Calculated absorption coefficients of full- 
length l iners tested. Mixture ratio, 2.0. 
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analysis. Neither analysis agreed with the 25-percent minimum absorption quoted from 
reference 5 for  hydrogen-oxygen propellants. This disagreement could be a result of the 
differences in chemical reactions of the two propellant combustions, different thrust-per- 
element, or in the analysis itself. A flow assumption corresponding to Mach 0.11 was 
required for  correlation at a minimum absorption of 25 percent. There is no justification 
for using Mach 0.11, whereas Mach 0.24 is an approximate average free-stream Mach 
number at the liner. The flow shift of reference 14 is based on the free-stream Mach 
number. However, there is no definite proof that free-stream Mach number controls 
the shift. 
used, a liner design procedure can be proposed. Knowing the combustor frequency fo 
and using an average free-stream Mach number over the liner, a flow past frequency 
shift can be calculated [l + (Afo/fo)] using reference 15. And using the flow past shift, 
calculate a required resonator frequency fov = fo  [l + (Afo/fo)] . Using equation (1), the 
backing-cavity height or percent open area required for tuning can be calculated. Also, 
the required volume per  aperture for  tuning can be calculated using equation (1) modified as 
When the previous theoretical analysis and the experimental information gained is 
where 
(ref. 12) and where S is aperture area, V is resonator volume per aperture, and 
a compromise in an actual engine due to space, strength, and cooling requirements. The 
sonic velocity of the resonator gas 
calculation. 
stated previously, tuning is the first consideration in the design of a successful liner. 
first-longitudinal mode (700 Hz), a preliminary analysis was made to determine a design 
that could be used to suppress that mode. The results of the analysis indicated that, fo r  
tuning and sufficiently high absorption coefficient (more than 60 percent, see fig. 23), a 
liner on the order of the following dimension would be needed: 
eter apertures, 5-percent open area, 1.0-inch (2.54-cm) thick, and 2.0-inch (5.08-cm) 
backing-cavity depth. To assure stable combustion in the 56-inch (142.2-cm) L* com- 
= t + 0.85 d(l - 0 . 7 6 ) .  The values chosen for t ,  d,  u ,  and S will necessarily be eff 
c is very critical, and care  should be taken in its 
Further qualitative analysis using equation (3) can be made, however, as 
Since the l iners tested in the 56-inch (142.2-cm) L* combustor did not suppress the 
1/4-inch (0.64-cm) diam- 
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bustor, a combination of two liners in series would be required to provide damping over 
a wide frequency bandwidth, that is, 700 to more than 5000 hertz. Probably, a more ef- 
fective position for the first-longitudinal mode damper would be downstream of the high- 
frequency damper and near the longitudinal antinodal point. 
Aperture Shape Effects 
Van Itterbeek indicated in reference 18 that aperture shape had a significant effect on 
absorption. The results showed that the aperture perimeter to cross-sectional area ratio 
P/A affected the absorption; that is, the aperture with the largest P/A absorbed best. 
Accordingly, in this study, P/A was increased by using slits, crosses,  and slots rather 
TABLE III. - APERTURE SHAPE EFFECTS 
[Liner  thickness,  3/16 in.  (0.4763 cm) ;  l iner  backing-cavity height, 1 in.  (2.54 cm); l iner  length, 8 in.  (20.32 cm): oxidant- 
fuel ra t io ,  2 .0 .1  
Aper tu re  pe r ime te  
to cross-sect ional  
a r e a  rat io .  
Stability cha rac t e r i s t i c s  Figur 
22 
23 (4  
Chamber 
Zharacterist ic 
length, 
L* 
Aperture  
geometry 
Longitu- 
linal s lots  
Aperture  dimensions Open 
a r e a ,  
percenl 
5 
11 
Width Length 
~ 
cm 
0.16 
0.32 
~ 
c m  
19.05 
A in .  
7; 
- 
in .  in.  -' 
33.8 
1 7 . 2  
c m - l  
85 .9  
43.7 
_____ 
cm 
142.2 
_ _  
106.7 
56 Frequencies  shifted during run; 
first-longitudinal to second- 
tangential modes to 2100 Hz 
Second-longitudinal mode p re -  
dominant with higher f r e -  
quencies 
1 7- 2 19.05 
1 6 . 5  1 7T 19.05 D. 48 11 .6  29.6 First-longitudinal mode p r e -  
dominant 
: ross  
,ongitu- 
Linal s lots  
10 1/4 0.64 D. 32 10 .0  25.4 First-longitudinal mode p r e -  
dominant; other  higher modes 
a l so  p re sen t  
10 
5 
~ 
10 
- 
13/16 
7+ 
2.06 
L9.05 
1 . 0 3  
3.08 
3.16 
I .  16 
31.8 
33.8 
38 .3  
80.8 
85.9 
97 .3  
F i r s t  longitudinal mode pre-  
dominant 
All  bombs damped a t  41-grain 
(2.66-g) maximum bomb s i ze  
42 
rlternating 
:lits 
All  bombs damped except one, 
41-grain (2.66-g) bomb a t  
oxidant-fuel ra t io  of 1.6; 
first-tangential  mode damped 
af ter  0 .18  sec  
_ _ _ _ _ _ _ ~  __ 
13/32 
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(c) Modal shift immediately before shutdown at approximately 1.0 second. 
Figure 22. - Typical spectral density graph of instability encbuntered in combustor. Width of axial-slot liner, 1/16 inch  
(0.16 cm); l i ne r  open area, 5 percent; chamber characteristic length, 56 inches (142.2 cm); mixture ratio, 1.99. 
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than circular apertures. Although in a regeneratively cooled rocket eAgine the crosses  
and alternating slits would probably be impractical, they might be used in an ablative, 
radiation cooled o r  possibly a ceramic type engine. The longitudinal slots could be used 
readily in a regeneratively cooled engine; gaps could be formed between the longitudinal 
cooling tubes. 
Although, only a small  amount of data are available for theoretical analysis of the 
various shapes, a series of experimental tests were made using l iners with crosses,  lon- 
gitudinal slots, and a,lternating slits. 
a c ross  liner, respectively. Because of bomb rating problems in the circular aperture 
program (i. e. , the maximum bomb size limitation prevented extension rating of the 
liners), all the l iners were tested in the 56-inch (142.2-cm) L* combustor. Two bomb- 
tests were made in the 42-inch (106.7-cm) L* combustor for comparison and to obtain 
backing-cavity-gas temperatures. The aperture shape tests are summarized in table III. 
Longitudinal slot aperture tests in 56-inch (142.2-cm) characteristic length combus- 
to r .  - A series of tests were made using longitudinal slot l iners to simulate gaps to be 
used between cooling tubes in regenerative engines. Full-length, 72-inch (19.05 cm) 
longitudinal slots 1/16, 1/8, and 3/16 inch (0.16, 0.32, and 0.48 cm) wide were tested. 
The corresponding open a rea  ratios were 5, 11, and 16.5 percent. Spectral density 
graphs of the instability observed using the 1/16-inch (0.16-cm), 5-percent open-area 
l iner are shown in figure 22. 
early in the run; figure 22(b) shows the mode shifting to an apparent first-transverse 
mode 0.5 second later;  and figure 22(c) shows what appears to be a shifted first- 
transverse - third-longitudinal mode just before shutdown. A problem arises in defining 
the mode near 2100 or  2200 hertz, because it is near a longitudinal multiple, third- 
longitudinal mode. Modal peak shifting was probably a result  of changing backing-cavity- 
gas temperature (tuning) and a low o r  marginal absorption coefficient. 
11 -percent open-area liner. The predominant frequency was 1400 hertz (second- 
longitudinal mode) with a peak also at 700 hertz (first longitudinal). Several other smaller 
peaks were noted a t  frequencies over 1500 hertz. 
The 3/16-inch (0.48-cm) slot, 16.5-percent open-area l iner (fig. 23(b)) depressed all 
modes above 2000 hertz to less than 10 psi (0.689 kN/m ) peak to peak. The predominant 
mode was again first longitudinal with a peak at second longitudinal. 
hertz does not correspond to any conventional mode. Subsequent testing burned the slots 
wider and finally failed the partitions (fig. 24). 
ber when the wider, 3/16-inch (0.48-cm) slots were tested and it expanded into the back- 
ing cavity. A s  the slots widened, the liner became ineffective in damping the transverse 
modes. Therefore, it appears from these tests that a maximum slot width must be known 
such that the combustion can be confined to the chamber. 
Figures 4(b) and (c) are photographs of a slot and 
- 1 
Figure 22(a) shows a predominant first-longitudinal mode 
Figure 23(a) shows the screech encountered using the 1/8-inch (0.3175-cm) slot, 
2 
The peak a t  1800 
The flame was not contained in the cham- 
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(b) Width of axial slots, 3/16 inch (0.48 cml; l iner open area, 16.5 percent; mixture ratio, 2.00. 
Figure 23. - Typical spectral density graphs of instability encountered combustor incorporating axial slot liners. Chamber 
characteristic length, 56 inches (142.2 cm). 
C-65-3535 
Figure 24. - Burned-out slot l iner (3116 in. (0.44 cm) wide). 
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In comparing figures 16 and 17 with figures 22 and 23, it can be seen that the slot 
l iners  (P/A = 33.8 and 17.2) performed at least as well as the circular aperture l iners 
(P/A = 32 and 16). Similar to the tests of the circular aperatre  l iners,  absorption im- 
proved with increasing open area. If the effect is one of open area rather  than slot width 
o r  P/A ratio, a liner using narrow slits (possibly 1/16 in. (0.16 cm)), but at a higher 
percent open area (10 to 20 percent) would be more effective. 
Cross shape -.. aperture -- - _ _  in 56-inch - (142.2-cm) - - . characteristic-length - - __ - . combustor. __ - - The 
c ross  l iners were designed with 10 percent open area. Each aperture had the same a rea ,  
but the perimeter w a s  varied to find an effect, if any, on the acoustic resistance which, in 
turn, affects the absorption (ref. 17). The two liners tested had a r m  widths of 1/32 and 
1/8 inch (0.08 and 0.32 cm) (P/A = 31.8 and 10.0); other dimensions can be seen in 
table III. Although the first-longitudinal mode was predominant when the 1/8 (0.32 cm), 
smaller P/A, liner was tested, other complex modes were observed from 1000 to 3000 
hertz as seen in figure 25(a). A peak w a s  also noted at 5100 hertz corresponding to the 
L a,
(a) Width of arms, 1/8 i nch  (0.32 cm); l iner open area, 10 percent; mixture ratio, 2.10; aperture perimeter to cross-sectional n 
n c E V 
E 
a. 
L a, 5 area, 10.0. 
- _ - -  - _  w CI - -  __-- 2 lookj - _  - . -  - -  - 
- - -  a, 
0 
0 1 2 3 4 5 6 7 8 9 10x103 
Frequency, HZ 
(b) Width of arms, 1/32 inch (0.08 cm); l iner open area, 10 percent, mixture ratio, 1.99; aperture perimeter to cross-sectional 
area, 31.8. 
Figure 25. - Typical spectral density graphs of instabil ity i n  combustors incorporating l iner5 wi th cross-shaped apertures. 
Chamber characteristic length, 56 inches (142.2 in. 1. 
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first-radial mode. These modes were depressed, by the 1/32 inch (0.08 cm), larger 
P/A, liner (fig. 25(b)). 
peaks are even multiples of this mode with the exception of 1800 hertz. 
than the 19-percent open-area circular-aperture l iners (P/A = 16 and 32). The larger  
P/A (31.8) liner was as effective as the circular aperture l iners and also seemed to re- 
duce the amplitude of the longitudinal modes. Therefore, there is an apparent effect of 
P/A ratio on liner damping characteristics. 
Aperture shape bomb rating in 42-inch (106.7-cm) characteristic-length combus- 
tor.  - Two liners were bomb rated for comparison with other bombing tests; they were 
the 5-percent open-area, full-length slot  liner and the 10-percent open-area alternating- 
slit liner. The alternating-slit liner was not run in the 56-inch (172.2-cm) L* combus- 
tor because of burned out spots on the liner. A l l  the bombs, up to the maximum of 
41 grains (2.66 g), were damped by the full-length longitudinal-slot l iner.  The 
alternating-slit liner also damped all the bombs up to 41 grains (2.66 g) with one excep- 
tion. A 41-grain (2.66-g) bomb drove the combustor into the first-tangential mode for 
0.18 second and then damped out. The predominant mode (fig. 26) was at 2100 hertz with 
The first-longitudinal mode was predominant and the other 
In general, the c ros s  liner with the smaller P/A ratio (10.0) was less effective 
-
0 1 2 3 4 5 6 7 a 9 10x103 
Frequency, Hz 
Figure 26. - Spectral density graph of unsustained instability induced in combustor. Type of aperture, alternating siits, 13/32 
by 1/16 inch  (1.03 by 0.16 cm); RDX bomb size, 41 grains (2 66 grams); mixture ratio, 1.64 duration of screech, 0,18 second. 
a lower amplitude peak at 4200 hertz. The mode at 2100 hertz could be a shifted first- 
tangential, but it also corresponds closely to a second-longitudinal mode in 42-inch 
(106.7 cm) L* chamber. 
marginally stable 1/4-inch (0.64-cm) diameter aperture, 5-percent open-area liner 
(P/A = 16). 
rable to the 1/8- and 1/4-inch (0.32- and 0.64-cm) diameter, 10-percent open-area 
l iners (P/A = 32 and 16, respectively). 
agreed well with the values obtained with circular apertures at the same open areas. The 
The alternating slit liner (P/A = 38.3) was comparable to the 
The longitudinal slot  liner (P/A = 44.8) damped all bombs and was compa- 
The stable operating backing-cavity-gas temperatures for these configurations 
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. . . . . . . . . - _. _. - - . .. .. .- . .. . . . 
average temperature measured during the alternating-slit (10-percent open-area) tests 
was approximately 2400' R (1333' K) corresponding to the circular aperture average tem- 
perature of about 2450' R (1362' K). The average temperature measured in the 1/16-inch 
(0.16-cm) slot (5-percent open area) gap was 2000' R (1111' K), which is the average of 
the 1/8- and 1/4-inch (0.32- and 0.64-cm) diameter aperture temperatures at 5-percent 
open area. It can be assumed from these tests, therefore, that aperture shape and di- 
mension have little effect on backing-cavity-gas temperature; percent open-area con- 
t rols  the temperature as long as combustion does not occur in the backing cavity. 
tions for the circular and noncircular aperture is given in table N 
Theoretical analysis of aperture . . . shape . . - variation - - - ._ - - . - __ data. - - - A comparison of the equa- -~ . -  
TABLE IV. - COMPARISON O F  EQUATIONS FOR CIRCULAR 
AND NONCIRCULAR APERTURES 
Paramete r  
Resonant frequency, fo 
Effective length, leff 
Absorption coefficient, (Y 
Acoustic resistance,  '8 
Acoustic reactance,  X 
Circular aper tures  
~ 
; + 0.85  d(l - 0.7& 
413 
(e + i12 + x2 
- 
€=(I++) 
Noncircular aperture! 
Ref. 18 
40 
(e + 1)2 + x2 
Ref. 18 
Based on table IV, the two parameters  chosen to characterize the liners are the 
liner resonant frequency fo, the flow shifted resonant frequency fov, and the P/A ratio. 
Absorption coefficients were not calculated because of a lack of data for the empirical r e -  
lation E .  The calculated values a r e  presented in table v. A s  in the case of the circular 
apertures, the l iners with resonant frequencies nearest the 5000-hertz screech frequency 
should perform best. However, the P/A ratio also increases  the absorption by raising 
the acoustic resistance 0 to a value nearer  unity. 
40 
..... _... ..... , ..., ...... 
TABLE V. - CALCULATED APERTURE SHAPE EFFECTS 
4 p e r t u r ~  
:eometrq 
Axial 
slot 
C r o s s  
Alter-  
nating 
slit 
Aperture 
width 
- 
in. 
1/16 
1/8 
3/16 
1/8 
1/32 
1/16 
~ 
- 
cm 
0.16 
.32 
.48 
0.32 
.08 
0.16 
- 
Open 
area, 
percent 
5 
11 
16.5 
10 
10 
10 
Liner  
resonant 
requenc ya 
f0 
Hz 
1870 
2940 
3660 
2750 
3180 
3060 
resonant area ratio,  
frequencp, I P 
-1 
Hz -zrp 11.6 
c m - l  
85.9 
43.7 
29.6 
25.4 
80.8 
~ 
97.3 
"Preferential wave (screech) frequency, 5000 Hz. 
It can be seen in table V that the axial-slot liner with a small slot width has an un- 
favorable tuning (f, << 5000 Hz) but has a favorable (large) P/A ratio, whereas a larger 
slot width has favorable tuning (fo near 5000 Hz) while the P/A ratio is unfavorable 
(small). Test  results indicated that the larger slit width performed best, which indicates 
the importance of tuning as compared with the effect of P/A ratio on resistance. 
The 1/32-inch (0.08-cm) arm-width cross  configuration has favorable tuning and a 
favorable P/A ratio as compared with the 1/8-inch (0.32-cm) a r m  configuration. Re- 
sults of the tests indicate that the 1/32-inch (0.08-cm) configuration performed better. 
The alternating-slit liner appeared to be a favorable design from both the tuning and 
resistance standpoints. The results indicate, however, only marginal stability compared 
with the 1/16-inch (0.16-cm) axial-slot liner. No explanation is possible at this t ime for 
the anomalous result. 
In general, it can be concluded that the theoretical tuning and P/A ratio can predict 
the trends in liner damping with tuning the more influential factor. 
SUMMARY OF RESULTS 
Acoustic-liner tests to suppress screech in a rocket using storable propellants 
yielded the following results : 
1. Combustors incorporating acoustic l iners damped bomb pulses as high as 170 psi 
(1172 kN/m ) peak to peak, produced by 41-grain (2.66-g) bombs, whereas unlined com- 2 
41 
bustors could be driven unstable with RDX bombs as small  as 6 to 8 grains (0.39 to 
0.52 kg). 
combustor, but the oscillatory energy was redistributed to low-frequency longitudinal 
modes because of the long combustor length (chamber characteristic length, 56 in. 
(142.2 cm)). 
transverse and longitudinal modes can exist, such as in long chambers, because of limi- 
tations in liner absorption bandwidth. 
4. Tuning an acoustic liner to the unlined combustor screech frequency was essential 
for good absorption during these tests. 
5. Backing-cavity -gas temperature increased with increasing percent open area and 
approached the boundary-layer gas temperature level at 20-percent open area. Circular 
aperture diameter had no significant effect on the gas temperature nor did the aperture 
shape when varied. The gas temperature was affected by percent open area and propel- 
lant combination. 
t o r s  used in this study. Liners of 1/4 chamber length also damped 41-grain (2.66-g) 
pulses, but the length required is apparently a function of liner absorption. 
7 .  Although the perimeter to a rea  ratio, P/A,  of apertures affected absorption, tuning 
again appeared to be the controlling factor in absorption when shape was varied. 
8. Axial slots were as effective as circular apertures and could be more readily adap- 
adapted to a cooled configuration than circular apertures.  
9 .  Agreement between experimental and theoretical results was possible assuming 
zero velocity past the apertures (circular) as well as assuming a Mach number of 0.24. 
A minimum absorption coefficient required for stable operation was calculated to be 
10 pervent for zero Mach number using the analysis described herein. 
case (M/O. 24) increased the required absorption coefficient by about 50 percent. An as- 
sumed flow at Mach 0. 11 was required to correlate this data with that reported in refer- 
ence 5 (i. e . ,  minimum absorption coefficient of 25 percent). 
2. Acoustic l iners damped high-frequency instabilities in a spontaneously unstable 
3. A combination of l iners is required to suppress screech where widely separated 
6. Full-length combustor l iners were not required for  stable operation in the combus- 
The flow past 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, September 21, 1967, 
128-31-06-05-22. 
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APPENDIX - SYMBOLS 
slit resonator aperture width, 
in.; em 
characteristic exhaust veloc- 
ity, ft/sec; m/sec 
sonic velocity in  resonator, 
ft/sec; m/sec 
aperture diameter, in. ; cm 
screech o r  design frequency, 
Hz 
chamber characteristic 
length, in . ;  cm 
liner backing cavity height, 
in.; cm 
liner aperture effective 
length, in . ;  cm 
oxidant-fuel mixture ratio 
aperture perimeter to cross  
sectional area ratio 
liner thickness, in. ; cm 
acoustic reactance, dimen- 
sionless 
CY absorption coefficient , dim en - 
si onle s s 
nonlinear resistance t e rm,  'nP 
Afo/fo resonant frequency flow past  
shift term,  dimensionless 
nonlinear re si s tanc e par  am - 
in. ;  cm 
E 
eter , dimensionless 
e acoustic resistance, dimen- 
s ionle s s 
viscosity of resonator gas, 
2 
I-1 
lbm/(ft) ( s e c) ; ( N) ( s e c) /m 
P density of resonator gas, 
lbm/ft3; kg/m 3 
0 liner open area ratio 
w angular frequency, rad/sec 
Subscripts : 
0 liner resonant frequency 
ov flow past shifted resonant 
frequency 
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